Small RNAs such as small interfering RNAs (siRNAs), microRNAs (miRNAs) and Piwi-interacting RNAs (piRNAs) mediate gene silencing in conjunction with Argonaute (Ago) proteins [1] [2] [3] . The effector complex of siRNA-mediated RNA interference (RNAi) is known as RISC (RNA-induced silencing complex) and is assembled in a stepwise process 4 . In the first stage, siRNA precursor duplex, composed of guide and passenger RNA strands, is loaded onto Ago in a process requiring ATP 5-9 and Hsp90-family chaperone proteins 10-12 to form pre-RISC. For Drosophila melanogaster Ago2-RISC, but not human Ago2-RISC or Drosophila Ago1-RISC, this process also requires a Dicer enzyme [6] [7] [8] [13] [14] [15] [16] [17] . The loaded orientation of the duplex in Ago, which determines the fates of the strands (that is, which is guide and which is passenger), is itself determined by the relative thermodynamic stabilities of the two ends of the duplex 18, 19 . In the second stage, when pre-RISC is converted to active RISC, the passenger strand of the duplex is nicked, or 'sliced' , by Ago in a process mirroring targetmRNA cleavage [20] [21] [22] [23] . Nicking, which for a 21-nucleotide (nt) siRNA reduces the passenger to 9-and 12-nt fragments, facilitates the removal of the passenger strand, leaving the guide exposed in an active RISC complex [24] [25] [26] [27] .
a r t i c l e s
Small RNAs such as small interfering RNAs (siRNAs), microRNAs (miRNAs) and Piwi-interacting RNAs (piRNAs) mediate gene silencing in conjunction with Argonaute (Ago) proteins [1] [2] [3] . The effector complex of siRNA-mediated RNA interference (RNAi) is known as RISC (RNA-induced silencing complex) and is assembled in a stepwise process 4 . In the first stage, siRNA precursor duplex, composed of guide and passenger RNA strands, is loaded onto Ago in a process requiring ATP [5] [6] [7] [8] [9] and Hsp90-family chaperone proteins [10] [11] [12] to form pre-RISC. For Drosophila melanogaster Ago2-RISC, but not human Ago2-RISC or Drosophila Ago1-RISC, this process also requires a Dicer enzyme [6] [7] [8] [13] [14] [15] [16] [17] . The loaded orientation of the duplex in Ago, which determines the fates of the strands (that is, which is guide and which is passenger), is itself determined by the relative thermodynamic stabilities of the two ends of the duplex 18, 19 . In the second stage, when pre-RISC is converted to active RISC, the passenger strand of the duplex is nicked, or 'sliced' , by Ago in a process mirroring targetmRNA cleavage [20] [21] [22] [23] . Nicking, which for a 21-nucleotide (nt) siRNA reduces the passenger to 9-and 12-nt fragments, facilitates the removal of the passenger strand, leaving the guide exposed in an active RISC complex [24] [25] [26] [27] .
Recently, in both humans and Drosophila, it has been shown that a complex of Trax and Translin proteins, designated C3PO (for component 3 promoter of RISC), enhances the removal of the passenger strand in RNAi and the formation of active RISC 16, 17 . Trax and Translin, conserved in animals, Arabidopsis thaliana and Schizosaccharomyces pombe, participate in a variety of nucleic acid metabolism pathways in addition to RNAi 28, 29 . However, little is known about the precise activities and mechanisms with respect to nucleic acids of Trax, Translin and C3PO. In an important breakthrough, a previous study 16 showed that the Trax subunit but not Translin possesses a Glu-Glu-Asp catalytic center with the capacity to digest RNA (and DNA). This Trax-mediated catalytic activity is required for passenger-strand removal and RISC activation in RNAi 16, 17 . It is likely that Trax directly digests the passenger strand to facilitate its removal, but it is unclear how the C3PO complex engages with the siRNA precursor duplex while it is associated with Ago and selects one strand, the passenger, for degradation. In vitro, human or Drosophila C3PO (h/dC3PO) is inactive toward full-length (~21-nt) siRNA duplex 16, 17 but readily cleaves single-stranded siRNA 16, 17, 30 . However, human C3PO in vitro is able to process a nicked siRNA duplex that mimics one sliced by Ago during the second stage of RISC assembly 17 .
X-ray crystal and EM structures of human 17 and Drosophila 30 apo-C3PO have been determined. They show that C3PO is oligomeric and that human and (full-length) Drosophila C3PO adopt octameric ballshaped structures similar to previous structures of homo-octameric Translin 31, 32 . The structures 17 and MS 30 reveal a predominant ratio of 2:6 for Trax to Translin in C3PO (full-length subunits). A form of Drosophila C3PO with truncated Trax and Translin subunits adopts a hexameric bowl-shaped structure 30 . In the octameric full-length human C3PO crystal structure 17 , the two Trax subunits are side by side and inverted relative to one another in the octameric complex, with their Glu-Glu-Asp active sites facing into the interior of the ball. It is not known how C3POs engage with nucleic acid substrates.
We set out to provide insight into the mechanism of nucleic acid recognition by a C3PO-family enzyme. Here we identify a single protein from the archaebacterium A. fulgidus that resembles eukaryotic Translin and Trax and has the capacity to assemble into a catalytically active homo-octamer with marked structural similarity to human C3PO. Two subunits that occupy the equivalent positions to Trax in human C3PO are structurally similar to human Trax and are responsible for the primary RNA-cleavage activity of the homo-octamer.
Furthermore, we show that the octamer can engage duplex RNA of 14 base pairs (bp) in length fully encapsulated within the octamer. The crystal structure in complex with 14-bp duplex RNA reveals that the active sites in the two Trax-equivalent subunits target opposite strands of the RNA duplex at sites 7 bp apart. Four subunits, two Traxlike and two Translin-like, provide a unique and highly conserved binding surface for the RNA inside the octamer. Supported by extensive sequence and structural conservations with eukaryotic C3POs, the structure and our assays provide insight into C3PO-family RNA recognition and cleavage.
RESULTS

A single Trax protein in A. fulgidus
We identified a single protein coded in the genome of the archaebacterium A. fulgidus (symbol AF2260) that resembled Translin and Trax. Notably, this protein appeared to contain the four critical glutamate or aspartate residues 16, 17 that define the Trax catalytic site (Supplementary Fig. 1 ). However, there appeared to be no other protein coded in the genome that might be a separate noncatalytic Translin partner. Sequence alignment showed a greater overall resemblance to eukaryotic Trax rather than Translin (Supplementary Fig. 1 ), and we designated the protein AfTrax. We found that AfTrax was stable when expressed in isolation (data not shown), unlike eukaryotic Trax 17, [33] [34] [35] [36] [37] . To gain insight into the mechanisms of Trax-mediated RNA cleavage, we crystallized and solved the structure of AfTrax in isolation (data to 3.27 Å) and, in a different space group, AfTrax in the presence of a 14-bp siRNA-like RNA duplex (data to 2.98 Å) ( Table 1) .
Structural overview and RNA binding AfTrax, both in isolation and in complex with RNA, assembles into an octameric structure, resembling a cage, formed by two tetramers enclosing a large inner cavity (~60 Å along the long axis and ~40 Å widest diameter) (Fig. 1a-c and Supplementary Fig. 2a ). The arrangement, wherein each tetramer forms from four subunits related by an ~90° rotation and a small superhelical shift ( Supplementary  Fig. 2b) , is similar to that observed in human C3PO 17 and human 32 or mouse 31 homooctameric Translin. The eight AfTrax subunits, which adopt almost identical α-helical tertiary structures (Supplementary Fig. 2c ), more closely resemble human 17 or Drosophila 30 Trax than Translin (r.m.s. Cα deviation of 1.95 Å from human Trax) ( Supplementary Fig. 2d,e) . We analyzed AfTrax by analytical gel filtration and found that it migrated as a single peak consistent with an octamer (~180 kDa) ( Supplementary  Fig. 3a) . Thus AfTrax is an archaeal Trax homolog that independently adopts a C3PO-like octameric quaternary structure.
Although previous studies suggest that eukaryotic C3PO associates only weakly with full-length (~19 bp) duplex siRNA 17 , we assessed binding of the AfTrax octamer to shorter (14 bp) siRNA-like RNA duplex. Using native electrophoretic mobility-shift assays, we found that the AfTrax octamer bound 14-bp duplex RNA ~1,000 times more tightly than single-stranded RNA of the same length ( Supplementary  Fig. 3b ). The octamer also bound DNA ( Supplementary Fig. 3b) ; binding to 14-bp duplex DNA (same sequence as the RNA) was ~1,000 times weaker than binding to the duplex RNA ( Supplementary  Fig. 3b ). We analyzed 14-bp duplex RNA binding by analytical gel filtration. The duplex RNA associated with AfTrax substoichiometrically with respect to the AfTrax monomer (Supplementary Fig. 3a) .
The X-ray crystal structure of the complex between the AfTrax octamer (mutated at catalytic Asp114) and the 14-bp siRNA-like RNA duplex shows that the octamer entirely encapsulates one RNA duplex (Fig. 1b,d ). No part of the duplex is exposed to the outside surface of the cage. Moreover, there are no gaps between subunits large enough to accommodate a transiting duplex (Fig. 1d) , thus indicating that the octamer must open up and then close again to incorporate the RNA. The RNA-complex subunit arrangement is almost unchanged from the apo structure (superposition not shown). The RNA, which adopts a distorted A-form conformation ( Supplementary Fig. 4) , is inclined at a 24° angle to the long axis of the cage and is 8 Å away from the center, placed against one surface of the inner cavity (Fig. 1b) . The RNA axis runs parallel to the α1 helices of two subunits (Fig. 1b) , one from each of the upper and lower tetramers, which together form the most intimate contacts with the RNA. These two subunits occupy the equivalent positions in the octamer to the two Trax subunits in human C3PO 17 (the 'lowest' positions in the rotation-and-superhelical-shift arrangements (Supplementary Fig. 2b) ). We therefore designated these two subunits 'Trax-like' and the remaining six subunits 'Translin-like' (Fig. 1b) . Because of the pronounced composite similarity to human C3PO (for example, Fig. 1c) , we refer to the octameric form of AfTrax as AfC3PO. 
npg a r t i c l e s
Although a 14-bp duplex was used in crystallization, we observed density for only a 13-bp duplex inside AfC3PO. Therefore, we built and refined two duplexes composed of base pairs 1-13 and 2-14 simultaneously into the electron density, each with crystallographic occupancy 0.5 (Fig. 1e) . Because the 14-bp duplex is palindromic, and because the two halves of the octamer appeared to be equivalent (and are indeed related by two-fold crystallographic symmetry in one of the crystal lattices), this satisfied the symmetry requirements and provided a good match to the electron density. The pattern of F o -F c difference density between bases when using a 'minimal' poly(U) duplex for refinement was consistent with this arrangement and inconsistent with either individual sequence (data not shown). The figures, apart from Figure 1e , depict just one of these (closely overlapping) duplexes.
Positioning and detail of Trax-like-subunit catalytic sites
The 13-bp duplex in the octamer cavity is in close proximity to two of the AfTrax catalytic sites located on the two Trax-like subunits (Fig. 2a) .
These active sites, containing metal ions (described below), target opposite strands of the RNA duplex. Measured from the 5′ end of either strand of the 13-bp visible duplex, the active sites are proximal to the phosphodiester linkages between nucleotides 10 and 11 on each strand (Fig. 2a) . Thus, structurally, AfC3PO targets symmetrically opposite strands of the 13-bp RNA duplex, with an intermediate separation of 7 base pairs along the duplex (Fig. 2a,b) .
The two Trax-like-subunit catalytic-site regions displayed prominent ellipsoidal electron density between the conserved catalytic acidic residues and the proximal RNA ( Supplementary Fig. 5a ). On the basis of the density, geometry and crystallization conditions, we assigned Mg 2+ , octahedrally coordinated between conserved catalytic Glu83, Glu118 and the OP1 nonbridging oxygen of the phosphodiester linkage between nucleotides 10 and 11 of the RNA, with an additional coordinated water ( Fig.2c and Supplementary Fig. 5a ). Previous studies 17, 30 showed that eukaryotic C3PO cleaves RNA to generate products with 5′-phosphate and 3′-hydroxyl groups. Given the similarity to human C3PO (active site comparison is below) and the position of the coordinated Mg 2+ , this suggested that the targeted scissile bond in the RNA lies between the 3′-oxygen of nucleotide 10 and the 5′-phosphorus of nucleotide 11 ( Fig. 2c and Supplementary Fig. 5a ). In F o -F c difference density, we observed a negative peak of density over this bond in one strand ( Supplementary Fig. 5b ), which suggested some density depletion (data were collected after crystal growth for 5 weeks at 19 °C), although the 2F o -F c density was entirely continuous (for example, Supplementary Fig. 5a ). .. P N P N P N P N P N P N P N P N P N P N P N P N P N P ... 5′ 5′ ... P N P N P N P N P N P N P N P N P N P N P N P N P N P ... 3′ npg a r t i c l e s
In addition to Mg 2+ coordination, Glu118 interacts with Arg121 and His39 in the same subunit (Fig. 2c) , both conserved in eukaryotic Trax (Supplementary Fig. 1) . Notably, the Arg121 side chain appears to be stabilized by a bidentate interaction with Asp168 from a neighboring Translin-like subunit (Fig. 2c) , a residue invariantly conserved in eukaryotic Translin but not Trax (Supplementary Fig. 1) . Thus, the AfTrax monomer blends features of both eukaryotic Trax and Translin. Glu80, a third conserved catalytic glutamate, is placed adjacent to Glu83 and interacts with (nonconserved) Thr32. The fourth conserved catalytic acid residue, Asp114, was mutated to alanine in the complex with RNA, but in apo-AfC3PO it interacts with conserved Lys166 (Fig. 2c) . Comparisons with human 17 and Drosophila 30 apo-Trax show that the catalytic sites display very similar structural features including, where present, the positions of the four catalytic acidic side chains and side chains equivalent to His39, Arg121, Asp168 and Lys166 (Supplementary Fig. 6a,b) . The similarities indicate a common catalytic mechanism.
Duplex interactions with the Tx 2 Tn 2 subunit interface
The RNA duplex beds against one wall of the inner AfC3PO cavity formed by four subunits: the two Trax-like subunits and two adjacent Translin-like subunits (Fig. 3a) . We designated this face the Tx 2 Tn 2 face. All four subunits make contributing interactions with the RNA (Fig. 3a,b) . A protein surface representation (PyMOL Connolly surface, http://www.pymol.org/) closely enveloped the overall shape of the 13-bp duplex (Fig. 3a) . Most of the interactions are with the backbone of the central part of the duplex, between nucleotides 6 and 10 of each strand (Fig. 3a,b) . Residues that interact with the RNA and are conserved (Supplementary Fig. 1 ) include, from the Traxlike subunits, Arg17, Arg25 and Arg176 and, from the Translin-like subunits, Lys158 and Arg164 (the latter two conserved in eukaryotic Translins but not Trax). As a result of the complex symmetry, the interactions are largely duplicated toward each strand (Fig. 3a) . Arg25 side chains from the two Trax-like subunits are particularly notable because, positioned between the α1 helices of the Trax-like subunits, they span the minor groove of the RNA duplex (Fig. 3c) . Furthermore, they contact ribose 2′-hydroxyl groups (in addition to ribose 3′-oxygens), thereby participating in a dual mode of A-form RNA recognition of helical structure and ribose 2′-hydroxylation. Arg25, together with Glu18 (whose two side chains appear to stabilize the Arg25 side chains (Fig. 3c) ), is invariantly conserved in eukaryotic Fig. 1 ). Tyr72, which interacts with the RNA from both the Trax-and Translin-like subunits (Fig. 3b) , although not directly conserved, is located in the center of a motif region previously identified as critical for nucleic acid binding in both Translin and Trax (Cb domain or MBRII) [38] [39] [40] [41] .
The double-stranded RNA-specific interactions are consistent with the results of our gel-shift assays, which demonstrated a strong AfC3PO affinity for 14-bp duplex RNA (Supplementary Fig. 3b ). That many of these interactions involve conserved residues within a conserved oligomeric structure suggests that short-duplex-RNA recognition may be a conserved feature of C3PO enzymes. Notably, the spacing between the two catalytic Mg 2+ ions in the AfC3PO Trax-like subunits (37 Å), which target opposite strands of the RNA (Fig. 2a) , is almost identical to the spacing of two Mn 2+ ions soaked into crystals of human C3PO 17 in the two Trax catalytic sites (35 Å) . This suggests a similar pattern of substrate targeting.
Because only a 13-bp duplex is visible in the structure, and the complex was cocrystallized with a 14-bp duplex (with 3′ dinucleotide overhangs), we suggest that 13 bp is the maximum base-paired length that can be accommodated within the enclosed octamer cavity. We observed no electron density for a remaining base pair at either end, even accounting for half crystallographic occupancy. Furthermore, whereas the middle 11 bp of the duplex adopt canonical Watson-Crick basepairing, the visible end base pairs do not form all the canonical WatsonCrick hydrogen bonds and show increased separation ( Supplementary  Fig. 4c,d) . We suggest, therefore, that the remaining base pair in the duplex is frayed open at either end (they are equivalent) and, together with the 3′ dinucleotide overhangs, is disordered in the crystal.
It is notable that the RNA duplex binds only one face of the inner octamer cavity (the Tx 2 Tn 2 face) when the octamer displays quasi-fourfold internal symmetry. However, if we compare the three other similar inner surfaces to the Tx 2 Tn 2 RNA-binding surface, we observe different spatial patternings of the residues that on the Tx 2 Tn 2 surface interact with the RNA (Fig. 4a-d) . (The patternings are the same on the three non-Tx 2 Tn 2 surfaces (Fig. 4d). ) Therefore, the Tx 2 Tn 2 tetrameric binding surface is unique inside the octamer. This is a consequence of the spiral (rotation-and-superhelical-shift) subunit arrangement within either half of the octamer (Supplementary Fig. 2b ), which creates a unique subunit interface at the Tx 2 Tn 2 junction (Fig. 4e,f) . Another consequence of this arrangement is that the two Trax-like-subunit active sites, which are formed at subunit interfaces, display a fundamentally different architecture from the six Translin-like-subunit active sites (Fig. 5a) .
In particular, invariantly conserved Arg121, which in the Trax-like subunits interacts with metal-coordinating Glu118, in the Translin-like subunits flips away, as part of a concerted intersubunit conformational 'switch' (Fig. 5b) . Thus, as a result of their positions in the octamer, the two Trax-like subunits are distinct and different from the six Translinlike subunits. The Tx 2 Tn 2 subunit interface, present in human C3PO but absent from a crystallized (weakly active) hexameric form of Drosophila C3PO assembled from truncated subunits (Supplementary Fig. 6c-e) , is likely to be an important catalytic subassembly in the C3PO octamer.
RNA cleavage assays
To test our structural conclusions, we performed small-RNA cleavage assays. Incubation of 5′-labeled 14-bp siRNA-like duplex (sequence as crystallized) with wild-type AfC3PO but not D114A catalytic mutant AfC3PO resulted in cleavage of the RNA (Fig. 6a) . This confirmed that AfC3PO is an active, self-sufficient complex employing the Trax-like catalytic sites. Cleavage resulted in distinct products. In a time course at 30 °C (Fig. 6b) , the first product to appear, peaking in abundance after ~5 min, was ~10 nt in length. The second major product(s) reached a peak after ~105 min and were short in length, ≤~5 nt. We designated the products and the corresponding cleavage events 'primary' and 'secondary' , respectively.
To define precisely the primary cleavage position, we performed assays using RNA oligonucleotides containing phosphorothioate modifications, which can site-specifically inhibit enzymatic Mg 2+ -catalyzed nucleic acid cleavage 42 . A duplex with modifications between nucleotides 10 and 11 and 11 and 12 was entirely blocked for primary cleavage (Fig. 6c) , unlike duplexes containing modifications on either side of these positions (Fig. 6c) or individually between nucleotides 10 and 11 or 11 and 12 (Fig. 6d) . This is consistent with Mg 2+ -catalyzed cleavage of the 14-bp siRNA-like duplex positioned as observed in the crystal structure (Fig. 6e) . Together, the assays and the structure indicate that the principal, most efficient, active conformation for the complex, generating primary cleavage products, is formed by an RNA duplex stably positioned at the Tx 2 Tn 2 interface, spanning the two Trax-like-subunit active sites.
Secondary cleavage occurred independently of primary cleavage (Fig. 6c) and required the AfTrax catalytic sites (Fig. 6a) . In the crystal structure, none of the active sites in the octamer are positioned close to the duplex 5′ ends where they could generate short cleavage products. This implies that other conformations must also occur in solution to bring the duplex 5′ ends in proximity with one or 
DISCUSSION
Here we identify a single protein from the archaebacterium A. fulgidus that assembles into an octameric C3PO-like complex. The structural similarities to human C3PO 17 , composed of two proteins, are extensive. These similarities include the monomer folds, the octameric subunit arrangements (including superhelical shifts between subunits), the positions of the principal catalytic subunits, the spacing of metals coordinated in the two Trax or Trax-like catalytic sites (~37 Å) and the detailed structures of the principal (Trax or Trax-like) catalytic sites. Furthermore, the residues in AfC3PO involved in interaction with the RNA are well conserved in human and other eukaryotic C3POs. These similarities suggest that features of AfC3PO-RNA interactions are likely to be conserved in eukaryotes.
It is notable that in human C3PO, catalytic activity is present only in the two subunits that in AfC3PO mediate primary cleavage of the RNA. This illustrates the importance of the catalytic activity of these two subunits, which is conserved between archaea and humans. It suggests that the AfC3PO-RNA complex reflects the core conserved mechanistic function of the general C3PO scaffold. Furthermore, we suggest that it is possible that eukaryotic C3PO arose from a homomeric precursor similar to AfC3PO and over time acquired an inactive Translin subunit for positions in the octamer where catalytic activity is unnecessary (or even detrimental). As discussed in Results, the AfTrax monomer shares features with both Trax and Translin.
The binding and cleavage of duplex RNA is seemingly at odds with the activities of human and Drosophila C3PO, which are reported to cleave single-stranded RNAs but not siRNA-precursor duplexes 16, 17, 30 . However, the AfC3PO-RNA structure reveals a crucial length dependence for incorporation of duplex RNA inside the scaffold, less than ~13 or 14 bp, which is pertinent to the interpretation of the results. Longer RNA duplexes, such as siRNA-precursor duplexes (~19 bp), would not be able to be fully accommodated inside the C3PO scaffold and must therefore bind differently (if at all). The data report on different binding modes: fully encapsulated versus not fully encapsulated. Single-stranded RNAs, which are cleaved by human or Drosophila C3PO when up to (at least) 25 nt in length 16, 17, 30 , can adopt a variety of conformations, which may facilitate their cleavage by C3PO. The precise structural basis for ssRNA cleavage remains unclear.
The AfC3PO-RNA structure is consistent with previous mutagenesis studies conducted with human C3PO 17 . The authors mutated Lys68 and Arg200 in human Trax and Arg192 in human Translin and monitored the effects on single-stranded siRNA binding and cleavage. Mutation of Lys68 in human Trax, equivalent to Thr32 in AfTrax (Supplementary Fig. 1 ), severely disrupted RNA binding and cleavage. In the AfC3PO-RNA complex, Thr32 in the Trax-like subunits is located in the catalytic sites, interacting with catalytic Glu80 and in proximity to the substrate RNA (Fig. 2c) . Mutation of Arg200 in human Trax, equivalent to Arg121 in AfTrax, had a less severe effect on RNA binding but still had a pronounced effect on cleavage. This is particularly notable because we identified Arg121 as a critical residue in the AfC3PO Trax-like-subunit catalytic site that bridges metal-coordinating Glu118 and conserved Asp168 from an adjacent Translin-like subunit ( Fig. 2c and Supplementary Fig. 6a ). Arg121 does not contact the RNA directly but does adopt different (switched) conformations in the AfC3PO Trax-like and Translin-like subunits (Fig. 5a,b) . Finally, mutation of Arg192 in human Translin almost completely abolishes single-stranded-siRNA binding and cleavage by human C3PO. This residue is equivalent to Arg164 in AfTrax (Supplementary Fig. 1 ), which from a Translin-like subunit in AfC3PO directly contacts a phosphate group of the RNA. Together, the mutagenesis studies conducted previously 17 are consistent with a similar mode of recognition toward single-stranded siRNA by human C3PO, as observed in our duplex RNA complex.
What are the implications of the AfC3PO-RNA structure for the mechanism of RNAi activation by C3PO in humans and Drosophila? One key unresolved question is whether h/dC3PO, in degrading the siRNA passenger strand to activate RISC, binds the whole precursor duplex or just a dissociated and isolated passenger strand. If AfC3PO serves as a prototype, it may suggest that h/dC3PO, during RISC activation, binds and cleaves the duplex. This would be contrary to previous results showing that h/dC3PO is inactive against full-length precursor siRNA duplex in vitro 16, 17 . It is also inconsistent with the apparent length requirement (<~13 or 14 bp) from AfC3PO for accommodation inside the cage (siRNA duplexes are at least ~19 bp). However, human C3PO, in vitro, is capable of degrading the passenger strand in a nicked U P U P C P G P A P C P G P C P G P U P C P G P A P A P U P U U P U P A P A P G P C P U P G P C P G P C P A P G P C P U P U P * npg siRNA duplex (mimicking Ago-mediated passenger slicing) 17 , which showed that, under some circumstances, human C3PO can engage and process full-length (nicked) duplex siRNA. (Nicking could perhaps provide flexibility to allow the connected duplex halves, now 9 and 10 bp, to be accommodated inside C3PO.) C3PO could also 'open up' to accommodate longer duplex (duplex could protrude out) in the context of Ago and RISC. Nonetheless, any model of RISC activation based on the AfC3PO pattern of duplex RNA cleavage would need to resolve the key issue of how C3PO processes only one strand (not both)-and the correct one-of the duplex. Further studies with eukaryotic C3PO and RISC are required, to fully understand the mechanism. AfC3PO exists in an archaebacterium with a truncated Ago-like protein (AfPiwi 43 ). However, we have no evidence that they interact, or indeed participate together, in any orthologous archaeal RNAi-like pathway. C3PO in eukaryotes is not exclusively an RNAi pathway component 28 and in Neurospora crassa does not participate in RNAi 29 . Therefore, we do not anticipate that C3POs in general will display RNAi-specific properties, such as measurement of 19-bp duplex or recognition of 3′ dinucleotide overhangs, but will rather provide versatile platforms for the processing of nucleic acids. The structure of AfC3PO in complex with duplex RNA, coupled to the extensive sequence and structure conservation with eukaryotic C3POs, provides a starting point for understanding the molecular mechanisms employed by C3PO-family members.
METHODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METHODS
Cloning, expression and purification. The AfTrax coding sequence was PCR amplified from A. fulgidus genomic DNA (DSMZ) and cloned into a modified version of pET-17b (Novagen) containing an N-terminal His 6 tag and an intervening Prescission protease (GE Healthcare) cleavage site (vector pTwo-E). Expression was carried out in E. coli BL21(DE3) cells induced with 1 mM IPTG for 16 h at 16 °C. The protein was purified by using a heat-shock step (65 °C for 20 minthe protein is from a thermophile) followed by Nickel-affinity chromatography, Prescission protease cleavage and Superdex 200 gel filtration (GE Healthcare) with an in-line GST-trap column (GE Healthcare). The protein was eluted from the gel-filtration column in 10 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA and 4 mM DTT. D114A mutant AfTrax was created by using a QuikChange II site-directed mutagenesis kit (Agilent Technologies), sequence verified and expressed and purified as for wild type, except eluted at the final stage in 5 mM HEPES, pH 7.5, 200 mM NaCl, 2 mM MgCl 2 and 5 mM DTT. Selenomethioninesubstituted protein was produced by expressing in B834(DE3)pLysS cells grown in minimal media supplemented with selenomethionine (Molecular Dimensions) and purifying as for wild type with elution from the gel-filtration column in 10 mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA and 10 mM DTT. Proteins were concentrated and stored in aliquots at -70 °C.
Crystallization. Native and selenomethionine-substituted crystals in the P4 2 2 1 2 crystal form were grown by using the hanging-drop method by mixing 1 µl of protein at 337 µM with 1 µl of 9.5-10% PEG 3000, 100 mM KCl, 200 mM MgCl 2 , 40 mM sodium cacodylate, pH 5.5, 5 mM DTT and incubating over a 600-µl reservoir for 3-5 d at 19 °C. Crystals were cryoprotected by dipping quickly into a similar solution supplemented with 17-19% MPD and frozen by plunging into liquid nitrogen.
For complex formation, RNA was ordered desalted and deprotected from Dharmacon, solubilized in 10 mM HEPES, pH 7.5, 100 mM NaCl and 2 mM X-ray data collection and processing. Selenomethionine SAD data were collected from a single crystal on beamline I02 at Diamond Light Source, UK (DLS) at 100 K and wavelength 0.97980 Å (0.3° increments). Native RNA-complex data were collected from a single crystal on beamline I03 at DLS at 100 K and wavelength 0.97630 Å (0.15° increments). Native apo data were collected from a single crystal on beamline I04 at DLS at 100 K and wavelength 0.97630 Å (0.15° increments). In each instance, data were integrated, scaled and merged by using xia2 (-3diir option) 44 employing XDS 45 and Scala 46, 47 .
Structure determination and refinement. The structure was solved by using selenomethionine SAD data for the P4 2 2 1 2 crystal form, collected at the peak wavelength (0.97980 Å). Approximately 48 selenium sites (six per protein chain) were located by using SnB 48, 49 and then refined and used for phasing in autoSHARP 50 . The presence of eight-fold symmetry in the refined heavy-atom sites (× 46) was an indication of a correct solution. Density modification exploiting the eight-fold symmetry was performed by running Phenix AutoBuild 51 in 'maps_only' mode and resulted in an interpretable density map. A preliminary model was built into the SAD density manually by using Coot 52 and refined by using phenix.refine 51 (R w / R free = 0.35 / 0.38).
The preliminary model was used to solve the P3 1 21 RNA-complex crystal form with a higher-resolution native data set (2.98 Å) by molecular replacement by using Phaser 53 . Successive rounds of model building in Coot and refinement by using phenix.refine resulted in a final model (R w / R free = 0.208 / 0.257) comprising 12 protein chains built from residues 1 to 187-191 (out of 196), three RNA chains each composed of two overlapping conformers of 13 full nucleotides (discussed below), coordinated magnesium ions at the 12 catalytic sites and a number of waters mainly involved in magnesium coordination. Noncrystallographic symmetry (ncs) restraints, secondary-structure restraints, metal-coordination restraints (from phenix.metal_coordination 51 ) and Watson-Crick hydrogenbonding restraints were employed. Early on in refinement, rigid body refinement and simulated annealing in phenix.refine were used. An anomalous difference map created by using the SAD data set (re-solved with Phaser) was used to confirm and position the locations of the methionine side chains. The magnesiums at the catalytic sites were assigned on the basis of the crystallization conditions, the results of activity assays, the electron density and the coordination geometries.
Early on in the refinement, it was clear that 13 RNA bp were visible in the density, whereas the crystallized RNA comprised 14 (palindromic) bp. Because one of the octamer complexes in the lattice was generated by a two-fold crystallographic rotation, and because there was no clear reason why one-half of the octamer should preferentially accommodate a frayed-end base pair, it was deduced that two duplexes with base pairs 1-13 or 2-14 (measured from either end as the duplex is palindromic) were present with equal occupancy (0.5). The conclusion was supported by the pattern of F o -F c difference density present along a refined 'minimal' poly(U) duplex (data not shown). The overlapping RNAs were constructed as separate A and B conformers of the same chains (occupancy = 0.5), which are treated independently by phenix.refine. The appropriate refinement qualifiers were used to ensure that there were no incorrect interpreted 'clashes' derived from 'impossible' duplex conformer scenarios. The resultant superimposed duplexes overlapped closely, with nearly identical backbones, exhibited canonical Watson-Crick base-pairing (apart from the two end base pairs) and provided a good match to the density.
The native apo structure in the P4 2 2 1 2 crystal form was solved by molecular replacement with Phaser by using a tetramer from the refined complex structure. The structure was completed through successive rounds of refinement by using phenix.refine (incorporating rigid body refinement, ncs, secondary-structure and metal-coordination restraints) and manual adjustment in Coot (final R w / R free = 0.221 / 0.281).
Refinement statistics are given in Table 1 . For the complex, Ramachandran statistics (from phenix.refine) are favored / allowed = 92.7% / 5.7%. For the apo structure, Ramachandran statistics are favored / allowed = 88.8% / 9.6%.
The structure-based alignment in Supplementary Figure 1 was formatted by using ALINE 54 .
